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A  novel  nano-network  of  Smo.5Sr0.5Co03_5  (SSC)  is  successfully  fabricated  as  the  cathodes  for 
intermediate-temperature  solid  oxide  fuel  cells  (SOFCs)  operated  at  500-600  °C.  The  cathode  is  com¬ 
posed  of  SSC  nanowires  formed  from  nanobeads  of  less  than  50  nm  thus  exhibiting  high  surface  area  and 
porosity,  forming  straight  path  for  oxygen  ion  and  electron  transportation,  resulting  in  high  three-phase 
boundaries,  and  consequently  showing  remarkably  high  electrode  performance.  An  anode-supported  cell 
with  the  nano-network  cathode  demonstrates  a  peak  power  density  of  0.44  W cm-2  at  500  °C  and  dis¬ 
plays  exceptional  performance  with  cell  operating  time.  The  result  suggests  a  new  direction  to  significantly 
improve  the  SOFC  performance. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  among  the  most  promis¬ 
ing  devices  for  environmentally  clean  electricity  generation  using 
different  fuels  such  as  hydrogen  and  hydrocarbons.  However, 
SOFCs  are  currently  not  economically  competitive  due  to  the 
problems  associated  mainly  with  high  temperature  (>800  °C)  oper¬ 
ation,  including  degradation  of  cell  components  and  high  cost 
of  the  interconnecting  materials  [1].  Significant  efforts  thus  have 
been  devoted  to  lowering  the  operating  temperature  for  the 
development  of  intermediate  and  low  temperature  SOFCs.  At 
low  temperatures,  SOFC  resistance  increases  rapidly  and  is  often 
dominated  by  the  interfacial  polarization  resistance  between  the 
electrolyte  and  the  cathode.  Accordingly,  the  SOFC  resistance  could 
be  substantially  reduced  by  developing  novel  cathode  materials 
and/or  unique  microstructures  to  lower  the  interfacial  polariza¬ 
tion  resistance  [2,3].  To  date,  several  new  electrode  architectures 
have  been  developed  to  create  novel  structures  to  achieve  high 
SOFC  performances  at  low  temperatures.  Among  these,  nanostruc- 
tured  electrodes  are  most  attractive  since  the  microstructures  in 
nanometer  scale  will  make  available  larger  three-phase  bound¬ 
aries  (TPBs)  for  the  electrocatalytic  processes  of  oxygen  reduction. 
The  nanostructured  electrodes  are  typically  formed  by  incorpo¬ 
rating  nanoparticles  to  preformed  porous  electrode  frames  with 
an  ion-impregnation  process  involving  adsorption  and  subsequent 
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decomposition  of  metal  salts  [4-7].  This  process  usually  gener¬ 
ates  25-300  nm  granular  particulates  randomly  located  on  the 
inner  surfaces  of  the  frame  [5].  The  nanoscale  granular  particles 
are  believed  to  be  the  primary  reason  for  the  high  SOFC  perfor¬ 
mance.  For  example,  Yamahara  et  al.  [8]  studied  the  performance 
of  SOFCs  based  on  Lao.65Sro.3oMn03_(5/Sco.2Yo.o2Zro.89  02  cathodes. 
When  the  cathode  was  incorporated  with  the  nanostructured 
cobalt  oxides,  a  power  density  of  0.27  W  cm-2  was  generated  at 
700 °C,  much  higher  than  0.13  Won-2,  which  was  obtained  with 
a  normal  cathode.  Jiang  et  al.  [9]  reported  that  the  addition  of 
coated  nanoscale  Gdo^Ceo.sOi.g  particles  into  a  Lai_xSrxMn03_5 
electrode  reduced  the  electrode  polarization  resistance  from  26 
to  0.72  £2  cm2  at  700  °C.  Our  previous  work  showed  that  cath¬ 
odes  impregnated  with  50  nm  La0.6Sr0.4CoO3_5  particles  had  not 
only  improved  the  electrochemical  activity,  but  also  demonstrated 
excellent  durability  upon  thermal  cycling  and  testing  for  100 
days  [7].  High  stability  was  also  reported  by  Sholklapper  et  al. 
[10]  for  the  nanoparticulate  Lai_xSrxMn03_(5  electrodes,  where 
stable  cell  performance  was  observed  for  over  500  h  of  opera¬ 
tion  at  650  °C  under  a  near-constant  applied  current  density  of 
~150mAcm-2. 

In  this  work,  we  report  a  nano-network  of  typical  cathode 
material,  Sm0.5Sr0.5CoO3_(5  (SSC),  for  low-temperature  SOFC  appli¬ 
cations.  The  nano-network  is  consisted  of  well-connected  SSC 
nanowires,  forming  straight  conducting  path  for  oxygen-ion  and 
electron  conduction.  In  addition,  the  nano-network  has  high  poros¬ 
ity  and  the  SSC  nanowires  are  composed  of  SSC  nanobeads.  Such 
a  cathode  microsturcture  shows  extremely  high  cathode  perfor¬ 
mance. 
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2.  Experimental 

2.1.  Powder  preparation 

Powders  of  Smo^Ceo.sOi.g  (SDC)  electrolyte  were  prepared 
using  a  glycine-nitrate  process  [11].  Stoichiometric  amounts  of 
Ce(N03)3-6H20  and  Sm(N03)3-6H20  were  dissolved  in  distilled 
water,  to  which  glycine  was  added.  The  mixture  was  heated  on  a 
hot  plate,  evaporated  to  a  brown-red  gel,  spontaneously  ignited  to 
flame,  and  finally  converted  to  pale-yellow  ashes,  which  were  sub¬ 
sequently  calcined  at  800  °C  for  2  h  to  form  fluorite  SDC  powders. 
NiO  powders  were  also  synthesized  using  the  glycine-nitrate  pro¬ 
cess  and  were  calcined  at  600  °C  for  2  h  to  remove  possible  organic 
residues. 

2.2.  Anode  substrate  formation 

Substrates  consisting  of  60  wt.%  NiO  and  40  wt.%  SDC  were  fab¬ 
ricated  with  die  pressing.  NiO,  SDC,  and  a  pore  former  (20  wt.% 
graphite)  were  mixed  and  ball-milled  for  24  h.  The  mixed  pow¬ 
ders  were  pressed  uniaxially  into  pellets  with  a  diameter  of  15  mm, 
followed  by  firing  at  600  °C  for  2  h  to  form  porous  substrates. 

2.3.  Electrolyte  deposition 

SDC  electrolyte  films  were  deposited  with  a  suspension-coating 
method.  SDC  powders  were  ball-milled  with  organic  dispersant  and 
absolute  ethanol  for  48  h  to  form  a  stable  suspension.  The  suspen¬ 
sion  was  then  drop-coated  onto  the  substrates  with  an  injector.  The 
electrolyte  thickness  was  controlled  by  the  suspension  volume.  To 
avoid  cracks  formation  as  induced  from  evaporation  of  the  organics, 
the  film  should  be  dried  in  an  ethanol  ambience. 

2.4.  Cathode  frame  fabrication 

SDC  frames  were  subsequently  prepared  on  the  deposited  films 
with  a  screen-printing  process.  SDC  slurry  was  prepared  by  ball¬ 
milling  SDC  powders,  graphite,  and  ethyl  cellulose-terpineol  for 
24  h.  The  slurry  was  then  screen-printed  onto  the  as-prepared  SDC 
film,  forming  a  green  tri-layer  structure,  which  was  subsequently 
co-sintered  at  1400  °C  for  5  h  to  form  a  ceramic  pellet  consisting  of 
a  porous  NiO-SDC  anode  substrate  (~0.7  mm),  a  dense  SDC  elec¬ 
trolyte  film  (~10  fxm),  and  a  layer  of  porous  SDC  frame  (~100  fxm). 

2.5.  Cathode  nano-network  incorporation 

Smo.5Sro.5Co03_5  nano-network  was  incorporated  into  the 
porous  SDC  frame  by  an  ion-impregnation  method.  Nitrate 
solution,  which  was  prepared  by  dissolving  Sm(N03)3-6H20, 
Sr(N03)2,  and  Co(N03)2-6H20  in  distilled  water  at  a  molar  ratio  of 
Sm:Sr:Co  =  0.5:0.5:1,  was  impregnated  into  the  SDC  frame  and  then 
fired  at  700  °C  for  10  min  with  a  heating  and  cooling  rate  of  5, 10, 
and  20°Cmin-1.  SSC  loading  was  about  0.75  of  the  weight  of  the 
SDC  frame  after  three  impregnation-heating  cycles.  The  impreg¬ 
nated  product  was  finally  fired  at  800  °C  for  2  h  to  form  the  desired 
perovskite  phase.  Single  cells  were  therefore  formed  with  cathodes 
consisted  of  SSC  nano-networks  within  the  SDC  frames.  A  scanning 
electron  microscope,  JSM-6700F,  was  used  to  reveal  the  microstruc¬ 
ture  of  the  cell. 

2.6.  Cell  characterization 

The  single  cell  was  attached  and  sealed  on  an  alumina  tube  by 
using  a  silver  paste.  The  cell  was  tested  with  the  humidified  hydro¬ 
gen  (3%  H20,  60  ml  min-1)  as  the  fuel  and  the  ambient  air  as  the 


Fig.  1.  Cross-sectional  microstructures  for  cathodes  with  impregnated  SSC  fired  at 
different  heating  rates:  (a)  5  °C  min-1 ,  (b)  10 °C  min-1 ,  and  (c)  20 °C  min-1 . 


oxidant.  The  cell  was  heated  to  600  °C  and  NiO  was  reduced  to  Ni 
in  situ.  The  cell  was  stabilized  at  600  °C  for  2h  before  the  elec¬ 
trochemical  test  was  performed.  The  power  output  performances 
and  AC  impedance  spectra  were  measured,  using  a  ZAHNER  IM6e 
electrochemical  station  with  a  frequency  range  from  0.01  Hz  to 
1  MHz  and  a  10  mV  AC  perturbation.  Cell  performance  durability 
test  was  conducted  in  the  potentiostatic  mode  at  a  cell  voltage 
of  0.5  V. 
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Fig.  2.  Schematic  diagrams  for  the  formation  of  nano-networks,  (a)  Formation  of  submicron  particles  within  bulk  liquid,  (b)  formation  of  nano-particulates  from  a  thin  layer 
of  liquid  at  a  low  heating  rate,  and  (c)  formation  of  nano-network  from  a  thin  layer  of  liquid  at  a  high  heating  rate. 


3.  Results  and  discussions 

3.1  Microstructure  of  the  nano-network 

Shown  in  Fig.  1  are  the  cross-section  microstructures  for  cath¬ 
odes  with  impregnated  SSC  fired  at  different  heating  rates.  With  a 
heating  rate  of  5  °C  min-1 ,  SSC  nanobeads  with  an  average  diameter 
of  about  55  nm  were  randomly  distributed  on  the  inner  surface  of 
the  porous  SDC  frame  (Fig.  1  a).  When  the  heating  rate  was  increased 
to  10°Cmin_1,  the  size  of  the  SSC  nanobeads  decreased  to  about 
46  nm  in  diameter  (Fig.  lb).  However,  the  SSC  nanobeads  were  not 
randomly  distributed  anymore,  but  formed  SSC  nanowires  com¬ 
posed  of  5-8  SSC  nanobeads.  The  boundary  between  neighboring 
SSC  nanobeads  can  be  easily  identified.  Fig.  lb  also  shows  that  the 
SSC  nanowires  are  randomly  oriented  but  interlaced,  forming  a 
porous  nano-network,  where  the  SSC  nanowires  construct  a  con¬ 
nected  mixed  ionic-electronic  conducting  path  that  is  essentially 
important  for  the  cathodic  reaction.  The  unique  nano-network 
structure  was  also  formed  when  the  rate  was  further  increased 
to  20°Cmin-1  (Fig.  lc).  Meanwhile,  the  average  size  of  the  SSC 
nanobeads  was  reduced  to  about  38  nm.  The  decrease  in  the  size  of 
the  SSC  nanobeads  as  a  result  of  the  increased  heating  rate  will  cer¬ 
tainly  enlarge  the  cathode  surface  area,  and  consequently  promote 
the  rate  of  the  electrochemical  oxygen  reduction  in  the  cathode  [5]. 
Additionally,  Fig.  lb  and  c  show  that  the  SSC  nano-network  is  more 
porous  than  that  of  the  randomly  distributed  nanobeads  structure 
as  shown  in  Fig.  la.  High  porosity  will  provide  more  gas  diffusion 
path,  which  is  favored  for  the  oxygen  reduction  process.  This  novel 
nano-network  microstructure  with  enlarged  surface  area,  continu¬ 
ous  conducting  path,  and  high  porosity  is  expected  to  significantly 
enhance  the  cathode  performance  because  oxygen  reduction  is 
believed  to  occur  at  the  TPBs  where  oxygen  ions,  electrons,  and 
oxygen  molecules  are  available. 

3.2.  Nano-network  formation 

In  order  to  reveal  the  possible  process  for  the  nano-network 
formation,  nitrates  for  SSC  were  mixed  and  heated  in  a  mechanical 
convection  oven  with  transparent  windows.  The  nitrates  melted 
at  about  100  °C  and  decomposition  started  at  about  230  °C.  The 
decomposition  yielded  solid  phase  (oxides)  in  the  mother  liquid 


phase.  The  formation  of  solid  particles  can  be  described  as  a  process 
of  nucleation  and  growth.  When  the  nitrates  in  bulk  were  decom¬ 
posed  in  an  alumina  crucible,  the  products  were  of  submicron  in 
size  regardless  of  the  heating  rates  since  growth  could  be  con¬ 
ducted  sufficiently  (Fig.  2a).  However,  the  decomposition  process  of 
the  impregnated  nitrates  should  be  different  since  prior  to  decom¬ 
position,  a  thin  layer  of  liquid  film  would  be  formed  on  the  inner 
surface  of  the  SDC  frame.  Grain  growth  within  the  liquid  thin-film 
should  be  kinetically  suppressed  since  the  substance  available  for 
the  growth  is  limited  by  the  amount  of  the  impregnated  nitrates  per 
surface  area.  Oxide  nanobeads  are  consequently  formed  when  the 
impregnated  nitrates  were  decomposed  (Fig.  2b).  But  the  products 
are  expected  to  be  different  in  microstructure  when  the  decomposi¬ 
tion,  which  needs  heat  to  complete  the  reaction,  is  performed  with 
the  different  heating  rates.  At  a  low  heating  rate,  the  decomposition 
is  expected  to  proceed  slowly  and  uniformly.  Thus  there  is  more 
time  for  the  solid  nucleation  and  growth,  resulting  in  relatively 
big  particles  that  are  distributed  randomly  on  the  inner  surface  of 
the  SDC  frame.  At  a  high  heating  rate,  temperature  much  higher 
than  the  thermodynamically  decomposition  temperature  could  be 


Current  density  /  Acrrf2 

Fig.  3.  Cell  voltage  (solid  symbols)  and  power  density  (open  symbols)  as  a  function 
of  current  density  for  a  single  cell  with  a  cathode  as  shown  in  Fig.  1  b  when  humidified 
H2  (3%  H20,  60  ml  min-1 )  was  used  as  the  fuel  and  ambient  air  as  the  oxidant. 
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Table  1 

Peak  power  density  (P),  ohmic  resistance  ( R0 ),  and  interfacial  polarization  resistance  (Pp)  at  500  °C  for  SOFCs  with  hydrogen  as  the  fuel 


reached  before  the  decomposition  is  started.  The  high  tempera¬ 
ture  gradient  might  promote  fast  nucleation  reactions,  resulting  in 
increased  amount  of  nucleus,  and  thus  the  particle  size  decreases. 
Meanwhile,  nucleation  could  be  induced  by  the  preformed  nucleus. 
Growth  of  the  neighboring  nucleus  leads  to  the  formation  of  the 
nano-network  with  interconnected  nanowires  (Fig.  2c). 

3.3.  Single  cell  performance 

The  performance  of  the  cathode  prepared  at  a  heating  rate  of 
10°Cmin-1  was  investigated  on  a  single  cell  with  a  Ni-SDC  anode 
and  a  lO-fxm  thick  SDC  electrolyte.  Humidified  H2  (3%  H20)  was 
supplied  as  the  fuel  and  ambient  air  as  the  oxidant.  The  open- 
circuit  voltage  (Voc)  is  lower  than  1.0 V,  and  increases  with  the 
decrease  of  the  operation  temperature  since  doped  ceria  is  not  a 
pure  oxygen  ion  conductor  [12].  Peak  power  densities  of  0.44  and 
0.81  W  cm-2  were  achieved  at  500  and  600  °C,  respectively  (Fig.  3). 


Fig.  4.  (a)  Impedance  spectra  of  the  cell  measured  under  open-circuit  conditions  and 
(b)  the  total  cell  resistance  ( Rt ),  interfacial  polarization  resistance  (Pp),  and  ohmic 
resistance  ( R0 )  as  determined  from  the  impedance  spectra.  Pp/Pt  is  also  shown  in 
Fig.  4b. 


These  values  are  much  higher  than  those  for  similar  cells  with 
SSC  and  doped  ceria  as  the  cathodes  (Table  1)  [13-16].  They  are 
also  much  higher  than  those  with  Lao.sSro^Coo^Feo.sO^s  (LSCF) 
composites,  which  were  reported  to  be  a  promising  candidate  as 
the  cathodes  for  intermediate-temperature  SOFCs  [17,18].  With 
LSCF  composite  cathode,  peak  power  density  of  0.16  W  cm-2  was 
achieved  at  500  °C  when  10-|xm  thick  gadolinia  doped  ceria  was 
used  as  the  electrolyte  [18].  In  addition,  the  fuel  cell  performance 
is  comparable  to  those  achieved  with  the  highest  catalytic  active 
material,  Bao.sSro.sCoo.sFeo^O^s  (BSCF),  whose  electrochemical 
surface  exchange  activity  is  10  times  as  high  as  that  of  SSC  [19,20]. 
However,  the  stability  of  BSCF  cathode  under  fuel  cell  operat¬ 
ing  conditions  is  questionable  since  BSCF  is  susceptible  to  C02 
even  with  relatively  small  quantities  at  the  temperature  range  of 
450-750  °C  [21]. 

AC  impedance  spectra  of  the  cell  under  open-circuit  conditions 
are  plotted  in  Fig.  4a.  The  total  cell  resistance  {Rt\  ohmic  resistance 
(ft0),  and  interfacial  polarization  resistance  (Rp)  as  determined  from 
the  impedance  spectra  at  different  temperatures  are  shown  in 
Fig.  4b.  The  ratio  of  Rp  to  Rt  increases  with  a  decrease  in  the  operat¬ 
ing  temperature,  from  34%  at  600  °C  to  60%  at  450  °C,  implying  that 
the  cell  performance  is  limited  by  both  the  ohmic  resistance  and 
the  interfacial  polarization  resistance,  which  is  originated  from  the 
cathode  and  the  anode.  Further  analysis  shows  that  Rt  is  primarily 
dominated  by  Rp  below  500  °C  and  by  R0  above  500  °C.  At  500  °C, 
Rp  has  a  similar  value  to  R0 ,  and  is  close  to  0.21  £2  cm2,  which  is  the 
lowest  ever  reported  for  single  cells  with  SSC-based  cathodes,  as 
shown  in  Table  1.  Since  the  anodes  for  all  the  different  single  cells 
are  almost  the  same,  the  significantly  lower  Rp  observed  in  this 
work  might  be  attributed  to  the  improved  cathode  performance 
due  to  the  unique  nano-network  microstructure  providing  large 
surface  area,  high  porosity,  and  enhanced  ionic  and  electronic  con¬ 
ducting  property.  It  is  noted  that  Rp  at  500  °C  for  the  SSC  cathode  is 
even  lower  than  that  of  a  cell  with  a  BSCF-SDC  composite  cathode 
at  the  same  operating  temperature  [22]. 
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Fig.  6.  Cell  performance  measured  at  600  °C  at  different  testing  time. 


To  further  investigate  the  cathode  performance,  a  constant 
voltage  of  0.5  V  was  maintained  on  the  cell  at  600  °C  for  100  h. 
V-I  curves  and  AC  impedance  spectra  were  measured  at  the  ini¬ 
tial,  the  25th  hour  and  the  end  of  the  durability  test.  It  was 
found  that  under  the  potentiostatic  treatment,  the  current  density 
increased  from  1.40  to  1.60  A  cm-2  in  100  h  (Fig.  5).  The  increase 
in  current  density  indicates  that  no  degradation  occurred  for  the 
cathode.  On  the  contrary,  it  shows  enhanced  cathodic  perfor¬ 
mance  upon  cell  operation.  The  improved  activity  can  be  further 
demonstrated  from  the  V-I  curves  measured  at  the  different  cell 
operating  time  (Fig.  6).  The  peak  power  density  increased  from  an 
initial  value  of  0.77  to  0.84  W  cm-2  after  25-h  operation,  and  to 
0.95  W  cm-2  after  100-h  operation.  The  enhancement  of  the  cell 
performance  under  operation  can  be  further  revealed  from  the 
impedance  spectra  measured  under  open-circuit  conditions  at  dif¬ 
ferent  cell  operation  intervals  as  shown  in  Fig.  7.  It  is  found  that 
Rp  decreases  with  time  under  the  constant  voltage  load  while  R0 
was  almost  invariant,  indicating  that  the  increase  in  power  den¬ 
sity  is  due  to  the  improved  activity  of  the  electrode  processes.  Rt 
had  an  initial  value  of  0.159  £2  cm2  and  decreased  to  0.148  £2  cm2 
after  100-h  operation.  These  values  are  consistent  with  the  cor¬ 
responding  cell  resistances,  which  was  0.148  £2  cm2  initially  and 
0.134  £2  cm2  after  100-h  operation  estimated  from  the  V-I  curves 
in  the  low  current  range.  Post-test  microstructure  investigation 
shows  that  the  improvement  in  cell  performance  under  cell  oper¬ 
ation  might  be  caused  by  the  cathode  since  its  microstructure 
evolved  over  time  while  the  anode  microstructure  was  essen¬ 
tially  unchanged.  As  shown  in  Fig.  lb,  the  fresh  cathode  possesses 
nano-network  structure  consisted  of  discrete  nanowires  made  from 
SSC  nanobeads  and  the  boundaries  between  the  nanobeads  can 
be  clearly  identified.  Under  the  cell  operation,  although  the  SSC 
cathode  nano-network  structure  has  maintained,  the  boundaries 


Fig.  8.  Cross-sectional  microstructure  view  for  the  cathode  after  the  durability  test. 


between  the  SSC  nanobeads  disappeared  and  the  SSC  nanobeads 
merged  (melted)  into  cross-connected  nanowires  whose  diameter 
was  close  to  that  of  the  fresh  nanobeads  (Fig.  8).  The  disappear¬ 
ance  in  boundaries  might  be  caused  by  heating  at  600  °C  as  well 
as  the  cathodic  polarization/current  treatment,  which  has  already 
been  shown  to  cause  substance  diffusion  [10,23].  The  cathode 
microstructure  evolvement  might  have  resulted  in  a  strengthened 
nano-network,  showing  better  mixed-ionic-electronic  conducting 
capability  than  that  of  the  initial  nano-network.  Consequently, 
reduced  Rp  was  obtained  upon  cell  operation.  In  addition,  Fig.  8 
shows  the  evolved  nano-network  is  more  porous  than  the  initially 
fresh  one.  Meanwhile,  there  was  no  observable  difference  in  the 
anode  microstructure  at  different  testing  duration  while  the  poros¬ 
ity  on  the  nano-network  cathode  increased  during  the  fuel  cell 
operation.  Therefore,  the  effect  of  the  anode  on  the  polarization 
concentration  should  be  invariable  during  the  cell  operation  with 
a  steady  feed  flow  rate  of  H2.  In  addition,  the  hydrogen  utilization 
was  relatively  low  during  the  V-I  curve  measurement  (not  more 
than  10%  at  the  peak  current)  and  the  influence  of  concentration 
polarization  on  the  anode  is  expected  to  be  insignificant.  Conse¬ 
quently,  lower  concentration  polarization  loss  as  indicated  with  the 
V-I  curves  (Fig.  6)  measured  at  high  current  density  seems  to  be 
due  to  the  improved  cathode  gas  diffusion  as  a  consequence  of  the 
cathode  microstructure  evolution  during  the  cell  operation. 

4.  Conclusions 

Nano-network  structured  Sm0.5Sr0.5CoO3_5  cathodes  for 
intermediate-temperature  SOFCs  have  been  successfully  fabri¬ 
cated  by  simply  increasing  the  rate  to  heat  the  precursor  nitrates 
deposited  from  a  well-developed  ion-impregnation  process.  The 
cathodes  are  consisted  of  oxide  nanowires  formed  from  the 
nanobeads  of  less  than  50  nm  in  diameter  thus  exhibiting  large 
surface  area  and  high  porosity,  forming  straight  path  for  ion 
and  electron  conduction,  and  consequently  showing  remarkably 
low  interfacial  polarization  resistances.  Change  in  the  firing  rate 
has  found  to  be  a  highly  effective  approach  to  the  fabrication 
of  high-performance  nano-network  electrodes  for  intermediate- 
temperature  SOFCs,  producing  the  lowest  interfacial  polarization 
resistances  (0.21  £2  cm2  at  500  °C  and  0.052  Q  cm2  at  600  °C)  ever 
reported  for  the  SSC  cathode  materials.  An  anode-supported  cell 
with  10-p.m  thick  SDC  electrolyte  demonstrated  a  peak  power 
density  of  0.44  W cm-2  at  500  °C,  which  is  also  the  highest  ever 
reported  for  the  SSC  electrodes.  Durability  test  showed  that  the 
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cathode  performance  increased  with  the  operating  time  probably 
due  to  the  cathode  microstructure  evolution  to  higher  porosity 
to  optimize  the  gas  diffusion  and  well-connected  SSC  nanowires 
to  strengthen  ionic  and  electronic  conducting  path.  Although  the 
long-term  stability  and  formation  mechanism  of  the  nano-network 
electrodes  are  yet  to  be  further  determined,  the  results  indicate 
a  new  direction  to  significantly  improve  the  performance  of 
intermediate  temperature  SOFCs. 
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